Abstract-This letter provides validation results on both Envisat altimeter rain detection flag and rain rate estimates. This assessment was performed based on 18-month collocated data sets between Envisat with two sensor measurements from the Tropical Rainfall Measuring Mission, i.e., the microwave imager and the precipitation radar. Along with the comparison between closest sensor measurements with strict spatial and temporal criteria, discussion is also provided on environmental context insight when interpreting comparison results based on collocated data.
I. INTRODUCTION
T HE DETECTION of rain using dual-frequency altimeter data is well established [1] , [2] and useful both for maintaining the quality of the sea surface height measurements and for studies of oceanic precipitations [3] . Indeed, rain can strongly distort the waveform echoes and lead to erroneous geophysical parameter estimates. It is thus necessary to accurately identify the samples that might be affected by rain. Following the experience of Topex/Poseidon [1] , [2] , the Envisat altimeter (RA2) operational rain flag is based on differential attenuation of the altimeter signals between the primary (Ku-band) and secondary (S-band) channels [4] . The rain flagging procedure involves testing whether measured backscatters (σ 0 ) at Ku-and S-bands lie outside predefined threshold relations. Currently, the Ku/S-band "rain-free" σ 0 relationship, used operationally, was estimated using only the first two months of data (November-December 2002) [4] . Some problems related to seasonal representativity of the relation (as already shown by Quartly et al. [5] for Topex) were detected in the flag, and an updated version has been computed over a one-year period (2003) . The validation of the updated rain flag is presented hereafter.
The algorithm performances are assessed following the work of Tran et al. [6] who evaluated two Jason-1 altimeter rain flags via collocations with data from the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI). The evaluation was conducted using dichotomous discrimination, i.e., in terms of percentage of hits, misses, false alarms (FAs), and correct negative (CN) cases using the TMI data as references (see Manuscript Table I ). Limitation of such an approach is that TMI rain retrieval has its own uncertainties [7] , [8] . However, TRMM also carries another rain sensor, i.e., the precipitation radar (PR) that can be used as a second and independent source of rain data to assess the RA2 rain flag. The PR measurement accuracy also depends on its own retrieval algorithm shortcomings. The comparison of TMI-and PR-derived rain rates (RRs) by Ikai and Nakamura [8] showed that in zonal average, PR underestimates the zonal mean RR by ∼24% over the tropical region.
The dual-collocation strategy (i.e., pairing RA2 data with TMI and PR data independently), used in this letter, allows that neither of these references is considered as the "sole truth" and helps to better qualify the Envisat performance with respect to either TMI or PR accuracy. The collocated data sets also provide a good opportunity to further validate the RRs inferred from dual-frequency altimeter data. Indeed, as recently shown by Tournadre [3] , the joint use of the satellite microwave radiometer (MWR) and altimeter data allows the estimate of freezing level (FL) height and significantly improves the RR estimates. However, these RR estimates were validated only by statistical comparison of climatology.
II. DATA SETS

A. Envisat Microwave Sensors
The Envisat platform, launched in March 2002, carries ten different sensors. The satellite orbit is sun-synchronous at an altitude of 800 km with an inclination of 98.55
• with a 35-day repeat cycle and a three-day repeat subcycle. It carries a radar altimeter (RA2), derived from the ERS altimeters [10] , and an MWR. RA2 is a dual-frequency radar that operates at Kuband (13.575 GHz) and at S-band (3.2 GHz). The estimation of geophysical quantities is done on-ground by retracking the measured echo waveforms. The MWR is a dual-channel Dicketype radiometer operating at 23.8 and 36.5 GHz. A detailed description of the standard Geophysical Data Record product used in this study can be found in the Products handbook [11] .
B. TRMM Sensors
The primary goal of the TRMM satellite, launched in November 1997, is to measure rainfall in the tropics. It carries five instruments, including the TMI and the PR. The TMI 1545-598X/$25.00 © 2008 IEEE sensor is a multichannel dual-polarized MWR that utilizes nine channels operating at five frequencies between 10.7 and 85 GHz at different polarizations. It provides data related to the rainfall rates over the oceans [7] , [12] . The effective field of view depends on frequency (from 5 × 7 km at 85 GHz to 63 × 37 km at 10.7 GHz), but rain data are delivered at cross-track intervals of about 5 km and along-track intervals of 14 km over a 759-km-width swath. The 2A12 TMI profiling product, version 6 used here, provides information on surface RR and rain/no-rain flag. A detailed description of the retrieval and rain product from TMI is given in [7] . The PR primary objective is to provide the 3-D structure of rainfall. It is a 128-element active phase array system operating at Ku-band (13.8 GHz) . PR has a horizontal ground resolution of about 4 km and a swath width of 215 km. It provides vertical profiles of the rain from the surface up to a height of about 20 km. PR is able to separate out rain echoes for vertical sample sizes of about 250 m at nadir [12] . We used the version 6 standard 2A25 PR profile product that includes different RR estimates and associated quality flags [7] .
C. Collocated Data Selection
The TMI and PR swath data are utilized here on a pixel basis. Data over land or with quality flag set were first discarded. The pairing of the Envisat and TRMM sensor (TMI or PR) data is done as follows. For each RA2 sample, the TRMM samples that match the time window (set to 10 min) are selected, and then, among them, only those that match the distance criterion (set to 10 km) are kept. Along the collocated pairs of the closest RA2/TRMM pairs, all the TRMM data within 100 km of the RA2 measurements are also selected to keep the environmental context necessary to analyze such a sporadic event as rainfall. The two collocation data sets span an 18-month period, i.e., from October 2002 to March 2004.
Although the number of collocated samples is quite large, only a few percentages of them are rainy. As rain is a highly sporadic and localized phenomenon, even a short time separation of 10 min is quite lenient in regard to the time and space scales of rain events, particularly for convective rain cells; however, strengthening the collocation criterion drastically reduces the number of collocated samples, and a compromise has to be found between the statistical and the physical significance of the analysis. This shows the difficulty of any validation of satellite-borne rain measurement and the care that should be taken when interpreting the results of statistical analysis. One method to overcome the problem is to consider not only the best collocated pairs but also their context. Indeed, even in relatively large temporal collocation cases where the advection of rain cells can become significant, it is possible using the context given by the wide swath of TMI and PR sensors to determine the presence (or absence) of rain in the vicinity of the RA2 samples.
III. RAIN DETECTION
A. Algorithm Overview
The Envisat rain flag is similar to the one defined for Topex by Tournadre and Morland [1] . It is set if the measured Ku-band σ Ku 0 is significantly attenuated when compared with the one that can be expected from the one measured at S-band, i.e.,
where f is the mean Ku/S "rain-free" relationship and A is an attenuation threshold set to the minimum of 1.8 times the rms of f and 0.5 dB. The f relation and its rms are estimated as binned averaged and rms of σ Ku 0 with respect to σ S 0 by step of 0.1 dB. They were recomputed from 2003 year-period data, and they will be used in the reprocessing of the Envisat altimeter mission starting in late 2008. To reduce the probability of FA, the presence of liquid water within the atmosphere is ensured by testing that the MWR cloud liquid water content is greater than a threshold fixed here at 0.2 kg · m −2 . Because of the altimeter design and performances and because of the natural geophysical and instrumental variability of Ku-band σ 0 , only attenuation larger than ∼0.25 dB is detectable by the algorithm which corresponds to a rainfall rate of about 1 mm · h −1 for a 4-km rain height [3] .
B. Validation
The performances of the RA2 rain flag are assessed by comparison with the TRMM rain data following the method presented by Tran et al. [6] for Jason-1. The relative performances of the detection are evaluated using the dichotomous discrimination (see Table I ) for different collocation criteria. Because RA2 and the TRMM sensors have different sensitivities to rain and as the RA2 lower limit of detection is about 1 mm · h −1 , only RR larger than this limit is considered as rainy for the TRMM instruments in the dichotomous discrimination. Table II presents 
TMI-Envisat Comparison:
Because of the TMI and RA2 difference of resolution (∼25 km versus 8 km), each TMI sample is, in general, associated with two RA2 samples in the database. For a pertinent comparison, the RA2 samples associated to the same TMI sample are thus averaged to produce an average sample whose rain flag is set if one of the individual ones is set and whose RR is the mean RR. The number of collocated samples decreases sharply when the separation in time decreases and the tightest criteria (1 min, 5 km) are met by only 5755 samples. However, the influence of the collocation criteria is quite limited. The proportion of samples detected as rainy (hits and FA) by RA2 is ∼2.9%, whereas it is only ∼1.7% for TMI (hits and misses). This proportion for TMI rises to 2.6% (3.3%) if RR greater than 0.5 mm · h −1 (0.3 mm · h −1 ) is considered. RA2 detects thus about the same number of samples as TMI at a 0.3-mm · h −1 level which is compatible with the difference of resolution of the two sensors. The percentage of misses is quite low at ∼0.4%, and it is almost independent of the collocation criteria. Within this percentage, ∼0.38% corresponds to situations where either the RA2 Ku-band σ 0 is significantly attenuated (Δσ 0 > 0.1 dB) but not largely enough to trigger the rain flag, or situations of low TMI RR (< 1.5 mm · h −1 ). Such cases can be considered as dubious misses and can be related to the natural variability of rain. The proportion of "real misses" is thus about 0.02% ; 2) one of the paired RA2 samples associated to a TMI sample is rainy, whereas the other is nonrainy; 3) the Envisat liquid water content is less than 0.5 kg · m −2 , indicating rain cells of small dimension; and 4) one of the neighboring TMI samples is rainy. These cases correspond thus to either small or light rain cells undetected by the larger resolution TMI sensor, or they are related to a significant time/space variation of rain. The "real FA" proportion is thus quite low at ∼0.1%-0.2%. It is even as low as 0.03% for the best collocation criteria. This represents between 2% and 10% of the TMI rain cases. Considering the natural rain variability, the performance of the RA2 rain flag is better than 99% in detection with a proportion of FA about 5%-10% when compared with the TMI rain detection. The analysis thus shows that the RA2 rain detection performs at least as well as the TMI rain algorithm with a very low rate of misses and a reasonable FA rate lower than 10%.
PR-Envisat Comparison:
The proportion of rainy samples is ∼2% for RA2 and ∼1% for PR at a 1-mm · h −1 threshold. The PR proportion rises to 1.6% at a 0.25-mm · h −1 level. The proportion of misses is lower than that of TMI and is less than 0.2%. Within these missed PR rainy samples, ∼0.16% are associated with either an RA2 Ku-band σ 0 significantly attenuated (Δσ 0 > 0.1 dB) but not largely enough to trigger the rain flag, or by at least one RA2 neighboring sample (within 20 km) flagged as rainy. The percentage of "real misses" is thus ∼0.02%-0.03%, i.e., ∼1% of the RA2-flagged samples. The proportions of hits and CN are almost independent of the collocation criteria at about 0.7% and 97.8%, respectively. The percentage of FA is lower than that of TMI but still quite high at ∼1.3%. As for TMI, a careful analysis of the contextual environment of the samples shows that about 1.2% correspond to situations where either one of the neighboring PR samples (within 20 km) is rainy or where the RA2 neighboring samples are nonrainy. Thus, about 0.1% of the data can be considered as "real misses," which represent ∼10% of the PR rainy samples.
The PR and RA2, which have comparable resolution, show similar rain detection statistics.
The comparison of the RA2 rain detection flag with both TMI and PR shows that its performances are comparable to the rain retrieval algorithm of these two instruments.
IV. RR ESTIMATES
A. Algorithm Overview
A detailed description of the method for estimating FLs and RRs from dual-frequency altimeter and MWR is given in [3] and is only very briefly summarized hereafter. For all samples detected as rainy, the FL is inferred by the inversion of the microwave (MWR) brightness temperatures in an approach similar to the one developed for SSM/I by Wilheit et al. [13] . The RR is then computed from the FL (or H) and attenuation using the Marshal-Palmer relation [14] 
where a and b are frequency-dependent coefficients and whose values are a = 0.0238 dB · km −1 and b = 1.203 [5] . Comparison of Topex, Jason-1, and Envisat dual-frequency RR estimates by Tournadre [3] showed that Envisat overestimated low RRs. Using a histogram-matching technique, he proposed an intercalibration relation with Jason-1 RR estimates that significantly reduces the differences between the mean annual RR computed from Envisat and those from both Topex and Jason-1 missions.
B. Validation
The quality of the RA2 rain estimates is assessed here through direct comparison with independent estimates from two sensors with different resolution and technology. The mean difference and standard deviation (std) for the TRMM sensors (TMI and PR) and RA2 collocated RR estimates for different collocation criterions are presented in Table III . Two RA2 RRs are considered: the raw estimates computed with (2) and the raw estimates corrected using the calibration relationship proposed by Tournadre [3] . For the TMI comparison, the mean RR of the two RA2 samples collocated with the same TMI sample is considered to take into account the difference in resolution. Fig. 1 shows the comparison of TMI and RA2 RR estimates. The scatter plots [ Fig. 1(a) and (b)] show that, although the data set covers 18 months, very few RRs larger than 10 mm · h with an std of ∼ 2.3 mm · h −1 for the raw RR, reduces to 0.14 mm · h −1 with an std of 2 mm · h −1 for the corrected values. Both bias and std vary only marginally when the collocation criterion is restricted. Fig. 1(c) , which presents the TMI/RA2 mean difference as a function of RA2 RR, shows that the corrected RA2 RR underestimates low rain (< 4 mm · h −1 ), overestimates the ones between 4 and 6 mm · h −1 , and certainly underestimates the higher ones.
Attenuation measured by an altimeter corresponds to the integrated attenuation between the rain bottom and the rain top. Rainfall inferred from attenuation using (2) corresponds thus to an RR averaged between the surface and the FL. Several RRs can be estimated from the PR vertical profile of rain and are available in the 2A25 products: the estimated surface rain (PR_ESR), i.e., the rainfall estimate at the detected surface bin, the average RR (PR_AR1) between the two predefined levels of 2 and 4 km, and the mean RR from rain top to rain bottom (PR_AR2). PR_AR2 definition is thus the most similar to the RA2 one. These PR rainfall estimates were compared with both RA2 raw and calibrated RR (see Table III and Fig. 2 ). The comparison shows that the raw RA2 RR largely overestimates the PR ones: by 1.42 mm · h −1 for PR_AR1, 2.65 mm · h −1 for PR_AR2, and 0.91 mm · h −1 for PR_ESR. The stds are however quite similar at ∼ 2 mm · h −1 , and the impact of the collocation criterion on the bias and the std is limited. The best collocation criterion gives better results for PR_AR1 and PR_AR2, but the number of samples (48) is far too limited for a good statistical confidence of the result. The calibration of RA2 RR significantly reduces the biases with the three PR estimates by nearly 1 mm · h −1 and the std by 10%-20%. The bias is minimum with PR_ESR and maximum with PR_AR2, whereas the std is maximum with PR_ESR and minimum with PR_AR2. The mean difference between the PR and RA2 estimates shown in Fig. 2(g )-(i) shows that RA2 RR estimate is in better agreement with PR_ESR as the bias to this rain estimate is only weakly dependent on rain intensity. This is not the case for the two other PR RRs for which the bias strongly increases with rain intensity to reach 4 mm · h −1 at 8 mm · h −1 for PR_AR2. This comparison analysis shows that the RA2 RR compares very well to PR_ESR. The bias and the std between the RA2 and the averaged PR estimates are quite similar to the ones computed for the same samples between the PR_ESR and these two quantities, i.e., mean bias of −0.30 mm · h −1 (−1.9 mm · h −1 ) with an std of 1.91 mm · h −1 (1.7 mm · h −1 ) for PR_AR1 (PR_AR2). The scatter plots and the mean biases as a function of RR between the PR_ESR and the PR averaged RRs (not shown here) confirm that RA2 RRs behave like the PR_ESR.
V. CONCLUSION
One year of Envisat RA2 data from 2003 has been used to estimate the updated rain-free relations necessary to accurately flag rain-affected data, while 18 months of them have been used to evaluate the performances of this new version of Envisat algorithm from collocated data sets with TMI and PR, respectively. The results of the validation show that the rain flag has overall good performances. The score of detection is about 99%, whereas the FA rate is lower than 10% compared with TMI and PR. The percentage of RA2-flagged samples is quite stable with time at ∼3% per 35-day cycle.
The study has also shown that the RA2 rain products are very complementary to the PR and TMI ones. Envisat can provide an independent estimate of FL altitude with a precision as good as or even better than the SSM/I one [3] . RR estimates, particularly when corrected using the calibration relation of Tournadre [3] , are comparable to the PR estimated surface RR with a small bias of −0.1 mm · h −1 and a 1.8-mm · h −1 std. The comparison to TMI shows that TMI RRs have a small positive bias of ∼ 0.2 mm · h −1 and an std of ∼ 2 mm · h −1 . TMI RRs are thus larger than the RA2 ones themselves larger than the PR ones. This is in agreement with the comparison of TMI and PR RRs conducted by Ikai and Nakamura [8] which showed a general overestimation of rain by TMI. The analysis shows that the RA2 rain estimates can certainly be used as an independent data set complementary to the ones used in the Global Precipitation Climatology Project for climatological studies and can be of interest for precipitation climatology at midlatitude where no data from TRMM are available.
